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The vascular respoise to localized ultra-
violet injury is characterized by vasodilatation
and augmented blood flow, increased perme-
ability, and cellular exudation, particularly of
neutrophil leukocytes. A striking feature of
these phenomena is that they appear to have a
latent period that may last 2—10 hours. Logan
and Wilhelm (1, 2) studied the time sequence
of increased vascular permeability that follows
ultraviolet (DV) irradiation and found that it
is essentially biphasic. These authors used a
model II Kromayer lamp that, after appro-
priate filters, emitted a spectrum consistiig of
a series of spectral lines extending from 2570—
3650 A. After a modest immediate and transient
increase in permeability that lasted 5—60 mm,
a more prolonged phase began 4 to 10 hr after
irradiation and reached a maximum between
19 and 54 hr after irradiation. The reaction was
somewhat dependent on the dose of irradiation
and the experimental animal, but a delayed
prolonged response could be induced regularly.
Exposure of human skin to solar radiation
or to ultraviolet radiation from artificial
sources is known to induce an initial faint
erythema that disappears shortly after expo-
sure. Delayed erythema reappears 2-4 hr after
exposure, reaching a maximum intensity in 14—20
hr and persisting for an additional 24 to 48
hours (3).
The present paper is part of an investigation
of the vascular events in the delayed and
prolonged phase of vascular leakage and pre-
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sents the time sequence and topographic locali-
zation of increased permeability induced by
ultraviolet irradiation in the skin of guinea
pigs, rats, and hairless mice. In contrast with
the polycliromatic radiation used in most other
studies on blood vessels in UV injury, irradia-
tion confined to a narrow band of a wavelength
of the spectrum (3000 A) was used in the ex-
periments described here.
MATERIALS AND METHODS
Experimental animals. White male guinea pigs
weighing 350—600 gm, Sprague—Dawley (Holtz-
man) male rats weighing 200—300 gm, and hairless
mice (Roscoe B. Jackson Laboratory, Bar Harbor,
Maine) of both sexes weighing approximately 25
gm were used. The hair of the rats and guinea
pigs was first removed with electric clippers, and
then the residual hair was depilated with Nair®
(Carter Products Inc., New York) before exposure
to ultraviolet radiation. In guinea pigs, the skin
of the back between the scapula and the sacrum
1 cm from either side of the midline was used. In
rats and hairless mice, lesions were elicted in the
skin of the back and the abdomen. Increased
vascular permeability was measured by estima-
tion of the local exudation of intravenously in-
jected trypan blue (0.4 ml of 1% solution per
100 gm of body weight) in the irradiated areas.
The intensity of bluing was estimated visually
according to an arbitrary scale ranging from
0—10. Because of variability in the response
among individual experimental animals, the
intensity of bluing was compared at different
sites and different time intervals in the same
animal. All readings were done 30 mm after in-
jection of the dye.
To localize vascular injury by light micros-
copy, the method of vascular labeling with car-
bon was employed (4, 5). Colloidal carbon
(batch #C 11/1431a, Pelikan) in a dose of 0.1
cc/100 gin of body weight was injected intra-
venously, and the animals were sacrificed 1—2 hr
after injection, when their systems were almost
completely cleared of circulating carbon. The
skin lesions were cut out with scissors, pinned
onto a dental wax plate, fixed for 24—48 hr in
formalin, dehydrated in glycerin, mounted, and
viewed with the light microscope. Further de-
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INCREASED VASCULAR PERMEABILITY AFTER U.V. EXPOSURE
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FIG. 1. The time-course of increased vascular
permeability after UT irradiation in rats X—X,
guinea pigs •—, and hairless mice Q—--——Q.
Each point is the average of 4-43 lesions. For the
rat, the period of irradiation was 5-20 sec (see
Fig. 2 for dose vs. response curves), for the guinea
pig, 2.5 to 20 see, and for the hairle mouse, 10
cc. LV dose 15.0 >< 10 ergs/sec/cm.
tails of this method are described elsewhere
(4, 5). Histological sections were stained either
with hematoxylin and eosin or with Wright's
stain.
Intravenous injections of tracers were made
into the tail vein in non-anesthetized hairless
mice, into the dorsal vein of the paw in non-
anesthetized guinea pigs, and into the tail vein
of rats under ether anesthesia. Controls for trypan
blue exudation and colloidal carbon leakage con-
sisted of skin from unexposed areas of the ultra-
violet irradiated animals, as well as from animals
injected with tracers without exposure to UV
radiation. The exudation of trypan blue and the
labelling of superficial vessels in the skin of the
controls were limited to areas of excoriation and
trauma. Animals with such significant traumatic
'esions were not used for evaluation in this study.
Tltraviolet radiation. The monochromatic
light of 3000 A wavelength, to which the skin was
exposed, came from a high-intensity, 1W and
visible light monochromator designed and con-
structed in this laboratory. An Osram XBO 1600-
watt, point—source, air—cooled, high-pressure
Xenon lamp served as the light source. The
spectral radiant energy distribution of the Xenon
lamp with a quartz envelope resembles natural
daylight in the region of 3000—8000 A wave-
lengths. Unlike the high-pressure mercury arc
lamp which emits 1W radiation in discrete
resonance lines, the TN radiation by Xenon lamp
is practically continuous. The monochromatic
1W radiation of the Xenon lamp coming from
the surface of the gratings was focused in a 6-mrn
slit. At the site of irradiation at the 6-mm slit,
the light band was approximately 75—100 A wide.
The 3000 A radiation was primarily selected be-
cause an evaluation of the energy requirement
based on the erythemal-action spectrum of the
human skin and the guinea pig skin, ranging
from 2500 to 4000 A, indicated that the smallest
dose of 3000 A radiation was required to evoke
erythema (6). The energy output of the mono-
chromator was measured by a calibrated thermo-
couple. The spectral radiant intensity was meas-
ured as tw-sec per cm2, and the radiation
exposure doses were expressed as ergs per second
per cm2. The radiant energy measured at 3000 A
wavelength was approximately 15.0 )< 10 ergs/
sec/cm2. This density of radiant energy was not
corrected for the infrared radiation that passed
through the exit slit of the monochromator. The
minimal erythema dose for albino guinea pigs
was approximately 5 seconds (75.0 )< 10 ergs/
cm2). In rats, no exact minimal erytherna dose
could be ascertained because the TJV-induced
erytherna is usually inconspicuous or not visible
to the human eye. In hairless mice, the erythema
was visible only after exposure to a high dose of
UV radiation (1.0 )< 10 ergs/crn2).
The epilated skin areas of unanesthetized ani-
mats were exposed to 3000 A monochromatic ra-
diation through a 6-mm slit. Several such ex-
posures could he carried out on one animal. An
average of 10 lesions was made on each animal.
These lesions were staggered so that exposures of
different duration could be compared in the same
animal. The total number of animals used for
final evaluation was 15 guinea pigs, 25 rats, and
10 hairless mice.
RESULTS
Increased Vascular Permeability
Figure 1 is a summary of the time sequence
of trypan-blue exudation in the three species
used. Each point on the curve represents at least
4 and as maiy as 43 lesions.
Guinea Pigs. There was a modest immediate
increased vascular permeability reaction in 18
of 25 lesions induced by irradiation. Two hr
after irradiation, there was a definite decline in
vascular reactivity but there was still a slight
reaction in 35 or 43 lesions. After six to seven
hours reactivity was down to virtually zero. At
eleven hours 100% of the lesions showed sig-
nificant exudation, which was maximal at about
19 hours. At 45 hours, permeability Was again
normal.
The effect of varying the dose of irradiation
on the vascular respoise at 24 hours Was stud-
ied by irradiating the skin sites for different
periods of time. There was ai increase in the
Li
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amount of exuded dye when the exposure was
increased from 2.5 (37.5 X 1O ergs/cm2)
to 10 seconds (15 X 10° ergs/crn2), but further
exposure up to 20 seconds (30 X 106 ergs/cm2)
did not result in any additional change.
Rat$. The pattern in rats varied according
to the irradiating dose. Figures 2a and 2b
show the curves for the degree of bluing, as
well as the percentage of positive lesions after
exposure for 5, 10, and 20 seconds. A delayed
response was obtained in all animals with the
three doses employed. The occurrence of an
immediate transient response, however, de-
pended on the intensity of the irradiating
stimulus. Whereas all animals responded to a
20-sec irradiation dose, only 14% reacted with a
very feeble response to exposure for 5 seconds.
It can also be seen that, irrespective of the
occurrence of an immediate response, a delayed
response developed regularly.
Hairle$$ mice. With a 10-sec exposure, an
immediate permeability respoise was minimal
or nonexistent in the majority of the lesions. A
distinct increase in vascular permeability
started 5 hours after injury and was maximal
at 24 hours. At 30 hours after injury, a re-
sponse was still present in virtually all animals
examined.
Topographic Studie$
The pattern of vascular labeling with carbon
in the delayed phase of vascular leakage was
uniform and consistent in the three species of
experimental animals used. The blackened ves-
sels were in the most superficial network of the
subepidermal and dermal layers of the skin.
The exact details varied according to the ani-
mal. In the rat, the subepidermal polygonal
capillary networks, as well as the stouter tortu-
ous dermal venules, were labeled at all intervals
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FIGs. 2A AND 2B. The effect of varying the dose of irradiation on the frequency (Fig. 2A)
and degree (Fig. 2B) of increased vascular permeability in rats. The abscissa represents
hours after irradiation,
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FIG. 3. Light micrograph of a whole mount of the skin (epidermal surface) cf a rat 20hours after irradiation (dose: 10 see) and 1 hour after intravenous injection of colloidal
carbon. The tortuous dermal venules (V) and the polygonal capillary network (C) are
labeled with carbon. Magnification 40 X.
of the delayed phase (Figs. 3 and 4) . Tn the
guinea pig, there are at least two superficial
polygonal networks, one subepidermal and one
dermal. Tn general, both of these were labeled
(Fig. 5) . Occasionally, the hypodermal vessels
were also labeled. The skin vasculature of the
hairless mouse has not been studied in detail.
The vascular labeling pattern, as seen in the
Figures 6 and 7, clearly shows, however, that
the most superficial capillaries and the draining
vesse's of larger caliber (venules) are also la-
beled.
Tn the immediate phase, studied between 0
and 1 hr after injury in the guinea pig and in
the rat, there was labeling of the stouter ves-
sels: the tortuous dermal venules in the rat
and the hypodermal vessels in the guinea pig,
as well as an occasional vessel in the panniculus
adipcsus. The superficial networks in both ani-
mals, however, were also labeled, but to a
lesser degree than they were in delayed re-
actions.
Histology
Sites irradiated for 15 or more seconds showed
degenerative changes of varying degree in the
epidermis. These changes began as early as one
hour after injury and initially consisted of intra—
nuclear and cytoplasmic vacuolization. By 6—8
hr after injury, the cytoplasm of the epithelial
cells became homogeneous and eosinophilic, and
by 14—20 hr after injury, foci of outright necro-
sis, sometimes involving all the thickness of
the epidermis, could regularly be seen. The
necrotic epidermis was eventually sloughed, tins
being most distinctly seen in the skin of the rat.
With a dose of radiation of 5—10 sec, there
were cellular and intercellular edema in the
prickle-cell layer and occasional foci of ne-
crosis.
Leukocytic exudation, mainly neutrophilic,
began as early as 30 minutes after UY injury,
and then increased in intensity, becoming
maximal between 8 and 24 hours. The intensity
of leukocyte infiltration varied considerably
from animal to animal, and even within dif-
ferent lesions in the same animal. Tn general,
leukocytic exudation was most prominent in
the hairless mouse, mild in the rat, and inter-
mediate in the guinea pig. Neutrophilic exudate
was present in the dermis and upper hypo-
dermis and often invaded the areas of necrotic
epithelium. No attempt was made to quan—
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Fi. 4. Higher-power light micrograph of labeled venules (V) and capillary network
from skin of a rat. Experimental conditions similar to Fig. 3. Magnification 160 X.
Fw. 5. Vascular labeling pattern in guinea-pig skin 24 hours after T5V irradiation. An
epidermal surface view (note hairs H). The superficial capillary networks are labeled. Magni-
fication 70 X.
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Fin. 8. Histological sections of skin from guinea pig (A & B) and hairless mouse (C &
D) in the delayed phase of vascular leakage; carbon was injected ihour before sacrifice.
Note that carbon in small blood vessels (arrows in A) occupies an intramural position, a
localization that signifies increased vascular permeability (5); Ep (epithelium). Hema-
toxylin and eosin; A: )< 240; B—D: X 1080.
titate the time-sequence of leukocytic infiltra-
tion.
Histological sections from animals into which
carbon had been injected showed that in the
nrnjority of blood vessels carbon occupied an
intramural position (Fig. 8), thus indicating
leakage (5). Carbon plugs and thrombi were
occasionally seen, especially in smaller capil-
laries; these do not necessarily reflect increased
vascular permeability. The relationship be-
tween vessels showing blackening and those ex-
hibiting neutrophil emigration was quite van-
able; many vessels were labelled with carbon in
the total absence of neutrophils, and vice versa,
and both phenomena co-existed in a number of
vessels. Occasionally, carbon particles were seen
beyond the confines of the vessel wall, even in
aninmls sacrificed within 30 mm of injection of
carbon.
DISCUSSION
Our findings on the time sequence of in-
creased vascular permeability after UV irradia-
tion using 3000 A are generally similar to those
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reported by Logan and Wilhelm (1, 2), who
used a more widespread emission spectrum
(2570—3650 A). The vascular response in the
rat and the guinea pig was biphasic. In each
case, an early transient phase was succeeded
after a latent interval by a delayed prolonged
phase. In the early transient phase there was
an initial modest increase in permeability that
returned to normal within 30 minutes in the
rat. In the guinea pig, the decline in the
reactivity was slower and the immediate re-
action was more variable. A feature of the
immediate response in both species is that it
required a relatively long exposure for its con-
sistent development. From Figures 3a and 3b
it can be seen that the reaction was minimal
or nil after a 5-sec exposure but became uni-
form after an exposure of 20 sec. Nevertheless,
the development of a more substantial delayed
prolonged response did not depend on the
presence of a previous immediate reaction. In
rats, a 5-sec exposure regularly resulted in a
delayed permeability reaction, and, in the
guinea pig, as short an exposure as 2.5 sec was
followed by delayed increased permeability.
Logan and Wilhelm also found that, whereas a
15—20 sec exposure regularly induced a delayed
response, consistent demonstration of an earlier
response required irradiation for at least 120
sec in their system. In the hairless mouse, only
an exposure of 10 sec was tested, and this
induced no inmediate response at all. The de-
layed reaction started after 4—6 hours in the
hairless mouse, 6—S hours in the guinea pig,
and 4—6 hours in the rat. It was maximal at
12—18 hours in the guinea pig and at 24 hours
in the rat and hairless mouse.
The site of delayed vascular leakage in the
3 species was limited to the subepidermal and
dermal vessels and occasionally to larger hypo-
dermal channels. These vessels were the most
superficial capillary networks as well as the
stouter venules in the dermis and superficial
hypodermis. Involvement of the most super-
ficial capillary network was distinctly more
evident later after injury, although, in quan-
titative terms, it was not possible to estimate
how much of the actual exudation could be
accounted for by the networks of fine capil-
laries as contrasted to the larger, stouter
venules. In the immediate phase, in both
guinea pigs and rats, venules were significantly
more involved than were superficial capillaries.
The histologic changes and the pattern of vas-
cular leakage observed in the immediate phase
suggest that the cellular damage actually oc-
curs during the process of light absorption.
The mechanism of vascular leakage after UY
injury is not clear. The immediate phase is per-
haps the more readily explained. It can be sup-
pressed in rats and guinea pigs by serotonin
and histamine antagonists (2, 8). The pre-
dominant, but not exclusive, involvement of
venules in the early phase, as found in our
study, is consistent with the interpretation
that these just-named mediators are responsi-
ble for the early reaction. In this respect the
assumption is that ultraviolet injury affects the
mast cells in the dermis, which would then lib-
erate the 2 vasoactive amines. Perhaps the larger
doses of irradiation required to cause immedi-
ate edema were those necessary to reach a
sufficient number of mast cells. The role of
histamine in the production of UY edema has
not been sufficiently investigated, but the liter-
ature on it is substantial. Yaltonen (7) re-
cently reviewed the problem and concluded
that the role of histamine in the pathogenesis
of UY erythema is uncertain. The results of
Valtonen are also consistent with the inhibition
studies of Logan and Wilhelm (2). These au-
thors could not suppress the erythema of ir-
radiated sites by antihistamines, or by any
other inhibitor tested.
In an extensive double-blind study involving
a crossover design on 18 human volunteers,
Pathak and Fitzpatrick (8) have found no evi-
dence of erythema suppression by antihista-
mines. Two commonly used forms of an anti-
histamine preparation, Actidil (short-acting)
and Pro-actidil (long-acting), were evaluated.
The appearance or suppression of immediate,
as well as delayed, erythemal response was
critically examined. Actidil, as well as Pro-
actidil, in doses ranging from 10 to 35 mg, had
no effect on the immediate, as well as delayed,
erythemal response after the volunteers were
exposed to solar radiation for a period of 15 to
90 minutes.
The pathogenesis of the delayed phase is
even more complex. Theoretically, the delayed
phase could be explained by either the activa-
tion of one or several mediators that would
then act in unison or at successive intervals, or
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by direct injury to vascular endothelium (9).
The "direct-injury" hypothesis would assume
that the injurious stimulus is too mild to cause
immediate sustained exudation, the latent pe-
riod being the time necessary for degenerative
changes in the endotheliurn to cause separation
of endothelial cells.
Logan and Wilhelm (2) attempted to sup-
press the delayed response by a larger number
of inhibitors of known chemical mediators
(protease inhibitors, antagonists of plasminogen
activators, kallikrein and trypsin antagonists,
and antihistamine and antiserotonin agents)
but could not consistently induce suppression of
the response in the guinea pig. In addition,
these authors failed to inhibit the reaction by
pre-treating animals with nitrogen mustard,
which suppresses leukocytic exudation. The
possible interpretations of these negative stud-
ies are that (a) none of the mediators to which
antagonists were tested are involved, (b) each
is involved to a small degree, and the total re-
sponse is an additive effect of many mediators,
(c) the antagonists tested are biologically inef-
fective, and (d) direct injury plays a major
role in the mechanism of delayed edema. Re-
cently, Jolles and Harrison (10) studied the ef-
fects of various enzyme inhibitors on X-ray
irradiation and found that the delayed response
to X-rays was markedly reduced by compounds
that inhibited proteolytic enzymes. They sug-
gested that release of lysosomal enzymes from
damaged cells activates plasminogen into plas-
mm, which then produces plasma kinins by
activation of the kallikrein system. To our
knowledge, these observations have not been
confirmed in IffY injury.
The site of vascular leakage in the delayed
phase, as reported in this paper, does not in it-
self argue against the action of a chemical
mediator. The blood vessels involved were con-
sistently the superficial vessels of the skin, and
it could be presumed that products of epi-
dermal cell damage would activate factors at
sites closest to the epidermis. None of the
known mediators, however, has beeii shown to
cause capillary damage. One possible explana-
tion is that capillary damage is due to direct
injury to the endotheliurn as a result of the ab-
sorption of radiant energy, whereas the venular
leakage could be due to the reaction of a media-
tor. Preliminary electron-microscopic studies,
still in progress, suggest that endothelial dam-
age, to an extent that does not occur after iii-
jections of known endogenous mediators, occurs
regularly in the superficial vessels and supports
a role for direct, albeit delayed, injury in our
experimental model.
SUMMARY
Skin sites in guinea pigs, rats, and hairless
mice were exposed to ultraviolet radiation at
3000 A for 21/2 to 20 sec. The time sequence of
increased vascular permeability was studied by
the estimation of local exudation of intrave-
nously injected trypan blue, and the sites of
vascular injury were localized by the deposition
of colloidal carbon. A delayed prolonged in-
crease in vascular permeability was regularly
induced in the 3 animal species. It started
4—6 hours after ultraviolet injury and reached a
peak between 12 and 24 hours, the maximal
effect being somewhat earlier in guinea pigs
than in rats and hairless mice. An immediate,
modest, transient reaction Was obtained in rats
and guinea pigs but not in hairless mice. The
site of vascular injury in the delayed phase was
localized to the superficial capillary network
and the dermal networks of venules and capil-
laries. These findings have been discussed in re-
lation to the mechanism of vascular damage in
ultraviolet injury.
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